INTRODUCTION
============

The steady increase in the use of magnetic resonance imaging (MRI) for the evaluation of medical conditions, such as headaches or dizziness, has led to the emergence of a new condition named radiologically isolated syndrome (RIS), which is characterized by incidental brain MRI finding of white matter lesions demonstrating dissemination in space in subjects with a normal neurologic examination, and without historical accounts of typical multiple sclerosis (MS) symptoms.^[@R1]^

A number of recent studies suggest that RIS and MS patients share both nonmotor clinical features^[@R2]--[@R5]^ and quantitative brain tissue damage,^[@R6]--[@R10]^ thereby suggesting that RIS, as an entity, reflects the earliest and preclinical form of MS. In line with this assumption, approximately one-third of RIS patients, mainly those with spinal cord involvement, are at higher risk for future symptomatic demyelinating event within 5 years.^[@R11]^

There are too many unanswered questions regarding this entity, with the current impossibility of clarifying whether the observed white matter changes reflect the earliest stage of MS, a nondisabling form of MS, or even a different pathological condition. Furthermore, RIS quantitative MRI studies to date have either included a meaningful proportion of RIS patients with markers of evolution to future MS,^[@R6],[@R8],[@R12]^ and as a consequence, their results might not be entirely extrapolable to the general RIS population, or have compared RIS patients with MS patients^[@R3],[@R8],[@R12]^ rather than with CIS patients who potentially might have a closer biologic and pathological similarity with RIS patients.

The great uncertainty over the true morphological changes in brain with RIS underlines the necessity of additional comprehensive studies with multimodal structural brain imaging analyses. Until now, no study has been conducted to compare the brain damage occurring beyond T2 visible lesions between RIS and CIS patients. The comparison of a group of RIS patients with a CIS group without high disease activity who have not converted to definite MS has the potential advantage to directly contrast 2 groups with a closer stage disease.

In this context, the present study used a multimodal 3 T MRI approach aimed to evaluate the differences in cortical thickness, cortical and subcortical gray matter volume, and white matter integrity between RIS, CIS, and healthy volunteers; asses to what extent RIS quantitative brain measures share similarities or differences with those of CIS patients; analyze the correlation between specific brain changes with cognitive and psychiatric symptoms of RIS patients.

METHODS
=======

Study Design and Subjects
-------------------------

Seventeen RIS subjects, most of whom came from already existing MS databases, were recruited at 4 centers specialized in demyelinating diseases in Madrid (Spain). These subjects had come to our attention after undergoing conventional brain 1.5 T MRI for various medical events not suggestive of MS. All 1.5 T MRI examinations included axial fluid-attenuated inversion recovery, fast spin echo, and T2- and T1-weighted without and with gadolinium in axial, coronal, and sagittal planes of view. Brain white matter abnormalities were initially identified by a neuroradiologist and subsequently examined by an MS specialist at each clinical site to guarantee they fulfilled the Okuda MRI criteria for RIS,^[@R1]^ which imply the presence of white matter abnormalities suggestive of a demyelinating process (ovoid, well-circumscribed, and measuring \>3 mm^2^) that satisfied Barkhof criteria (at least 3 of 4 criteria) for dissemination in space^[@R13],[@R14]^; not better accounted for by other disease processes, such as, in particular, vascular disease; and no apparent impact on everyday functioning.

After the initial MRI imaging, all RIS patients underwent cervical spinal MRI, but only a subgroup (50%) agreed to undergo lumbar puncture for CSF analysis. An extensive neurologic examination and an accurate clinical history were performed by neurologists with expertise in MS (AL-F, MLM-G, YA, LA, AD-S, and JB-L) to rule out both any neurologic sign and history of remitting clinical symptoms lasting \>24 h consistent with MS. In addition, they underwent a complete nonstandardized workup (sedimentation rate, anticardiolipin antibody screen, antineutrophil cytoplasmic antibodies, antinuclear antibodies, Borrelia and syphilis serologies, rheumatoid factor, serum angiotensin-converting enzyme, thyroid function studies, and vitamin B12 level) to rule out other medical conditions that could explain the observed lesions on brain MRI.

Seventeen patients who had presented with a CIS suggestive of MS were recruited from the University Hospital "Gregorio Marañón," and from the University Hospital of Getafe, both in Madrid (Spain). Although the frequency of follow-up MRI examinations in CIS patients was slightly different across participating centers, all CIS patients underwent 1.5 T MRI examination (axial fluid-attenuated inversion recovery, fast spin echo, and T2- and T1-weighted without and with gadolinium in axial, coronal and sagittal planes of view) and a complete neurológic evaluation, including Expanded Disability Status Scale (EDSS)^[@R15]^ by experienced neurologists (MLM-G and YA). Dissemination in space and dissemination in time were evaluated according to the McDonald 2010 criteria.^[@R16]^ Patients selected met the following inclusion criteria: single clinical episode indicative of MS; total follow-up time of at least 3 months from the occurrence of the first inflammatory demyelinating event; and the presence of ≥1 asymptomatic T2 lesion(s) in at least ≥2 brain locations considered characteristic for MS (juxtacortical, periventricular, infratentorial, and spinal cord)^[@R17]^ at the initial or follow-up MRI. Participants were excluded if they had received steroid medication during the month before the study inclusion and a longitudinal evaluation \>5 years.

We excluded RIS or CIS patients with history of alcohol or drug abuse, major acute comorbidities, or any major serious chronic illness 1 year before inclusion (patients with a stable chronic medical conditions were included).

RIS or CIS patients were matched for age, sex, and education with a control group consisting of 17 healthy controls (14 women, 3 men; mean age 42 years, range 27--56 years) with no history of known psychiatric or neurological disorders, which was recruited either from relatives or friends from health professionals at the University Hospital "12 de Octubre" of Madrid (Spain).

Once the study was described to subjects and written (signed) informed consent was obtained from all enrollees, a multisequence MRI examination was acquired in a single session using a single 3 T scanner at CIEN (Center for Research on Neurological diseases, in Spanish) Foundation in Madrid (Spain). Psychiatric and neuropsychological tests were conducted in a single session by experienced clinical neuropsychologists (VP; YH, MC, see acknowledgements) who were blinded to the clinical status during an interview during the week in which they had completed the aforementioned MR examination.

All procedures were approved by the ethical standards committees on human experimentation at the University Hospital "12 de Octubre" (Madrid).

Measurement Instruments
-----------------------

Cognitive functioning was performed through the Rao Brief Repeatable Battery.^[@R18]^ The Stroop test was administered to evaluate executive functions.^[@R19]^ Participants also completed the Vocabulary and Matrix subtests from the Wechsler Adult Intelligence Scale--Third Edition (WAIS-III).^[@R20]^ Vocabulary subtest was used as a measure of crystallized intelligence, which is influenced by educational experience. Vocabulary scores have been suggested as a more reliable measure of cognitive reserve than demographic information (education and occupation),^[@R21]^ as some patients may have actually greater cognitive reserve through lifelong habits (ie, reading, writing, and high-demand activities) and often surpass patients who may have more years of formal education. Matrix subtest was used to measure fluid intelligence as it requires the ability to solve novel problems with minimal dependence on previously acquired knowledge.

Depression severity was measured by the original 17-item version of the Hamilton Depression Rating Scale.^[@R22]^

MRI Acquisition
---------------

All MRI data were acquired with a clinical 3 T Signa HDx MRI scanner (GE Healthcare, Waukesha, WI) using an 8-channel phased array coil. The imaging (MRI) standardized protocol (without injection of contrast agent) included a 3D T1-weighted SPGR with a TR = 10.012 ms, TE = 4.552 ms, TI = 600 ms, NEX = 1, acquisition matrix = 288 × 288, full brain coverage, resolution = 0.4688 × 0.4688 × 1 mm, flip angle = 12.

The diffusion-weighted image (DWI) protocol acquisition consisted of 3 images without diffusion gradients (b = 0 s/mm^2^) followed by 45 images measured with 45 directions (b = 1000 s/mm^2^) isotropically distributed in space. Additional parameters of the acquisition were: TE = 85.3 ms, TR = 10.100 ms, flip-angle = 90, slice thickness = 3 mm (no gap), resolution = 2.6042 × 2.6042 × 2.6 mm, FOV = 250 mm and axial acquisition.

Data Post-processing
--------------------

### MRI

Cortical thickness and cortical volume measurements were calculated using the freely available software FreeSurfer (<http://surfer.nmr.mgh.harvard.edu/>). Using a surface-based approach, FreeSurfer can automatically segment the brain into different cortical regions of interest, and calculate average thickness in the defined regions. In brief, images underwent preprocessing including intensity normalization and skull stripping, which was followed by labeling of cortical and subcortical regions. FreeSurfer\'s main cortical reconstruction pipeline begins with registration of the structural volume with the Talairach atlas.^[@R23]^ After bias field estimations and the removal of bias, the skull is stripped and subcortical white and gray matter structures were segmented.^[@R24]^ Next, tessellation, automated topology correction, and surface deformation routines create white/gray (white) and gray/cerebrospinal fluid (pial) surface models.^[@R25]^ These surface models were then inflated, registered to a spherical atlas, and used to parcellate the cortical mantle according to gyral and sulcal curvature.^[@R26]^ The closest distance from the white surface to the pial surface at each surface\'s vertex was defined as the thickness.^[@R26]^ Average cortical thickness, surface area, and total volume statistics corresponding to each parcellated region could then be computed. The accuracy of FreeSurfer\'s results was then assessed visually for the different subjects.

### DWI

DWI data were preprocessed with FMRIB\'s Diffusion Toolbox (<http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FslOverview/>). Preprocessing consisted of eddy-current correction, motion correction, and the removal of non-brain tissue using the robust Brian Extraction Tool.^[@R27]^ Diffusion tensor images (DTIs) were created using the weighed least squares fitting method. We derived images of fractional anisotropy or mean diffusivity from the DTI. To calculate the specific fractional anisotropy or mean diffusivity values in the subcortical regions, we need to map the DTI space to the Freesurfer\'s structural space (described above). The fractional anisotropy or mean diffusivity maps were resampled by means of a rigid-body transformation from the diffusion to the structural space. After that, the fractional anisotropy or mean diffusivity mean and standard deviation values from the Freesurfer\'s subcortical regions were computed.

In addition, a voxel-based analysis pipeline was used to find differences in fractional anisotropy or mean diffusivity between groups. Voxel-based analysis of fractional anisotropy or mean diffusivity images were carried out with SPM8 software ([www.fil.ion.ucl.ac.uk/spm/software/spm8/](http://www.fil.ion.ucl.ac.uk/spm/software/spm8/)). First, b0 images were manually aligned to the anterior commissure-posterior commissure line, and the same alignment was applied to the fractional anisotropy or mean diffusivity images. Then, these fractional anisotropy images were coregistered to a fractional anisotropy template from FMRIB\'s Software Library using linear affine registration with normalized mutual information as the fitness function.^[@R28]^ The same spatial transformation was applied to the mean diffusivity maps. The registered images were normalized to the fractional anisotropy template using a nonlinear registration algorithm^[@R29]^ and were then smoothed with an 3D Gaussian kernel (4-mm full-wide half maximum). The spatial transformation was again applied to the mean diffusivity maps.

### White Matter Lesion Volume Analysis

Study images were assessed by an experienced neuroradiologist (JA-L) who was unaware of participant clinical status. T2 hyperintense lesions were segmented in fluid-attenuated inversion recovery images by employing the automated lesion growth algorithm^[@R30]^ as implemented in the LST toolbox version 2.0.11 ([www.statisticalmodelling.de/lst.html](http://www.statisticalmodelling.de/lst.html)) for SPM. Lesion masks were estimated and then transformed into standard space and averaged to yield a mean lesion mask across subjects.

### Brain Volume Analysis

Normalized brain volumes were quantified on high-resolution T1-weighted image using the SIENAx method, part of the FMRIB Software Library.^[@R31]^

Statistical Analysis
--------------------

The data were conducted using the SPSS Version 21.0 (SPSS, IBM Corporation, Chicago, IL). All tests were 2-sided, and significance was accepted at 5% level (alpha = 0.05). Regional cortical thickness analyses were exploratory in nature and thus we consider that the application of Bonferroni correction for multiple comparisons analysis (*P* \< 0.05/33 number of comparisons in each hemisphere) would overcorrect for type I error, especially in view of the insufficient power derived from the small simple size. Therefore, the present study presents those regional cortical thickness results with a significance level *P* \< 0.05 uncorrected. Nevertheless, since the probability of false-positive results is higher than the standard alpha value, the conclusions are based exclusively on criteria such as the magnitude and the impact of the differences (eg, number of patients who are at least 2 standard deviations \[SDs\] below the mean) rather than the *P* value.

Using the Shapiro-Wilk test, we determined that all variables except T2 white matter lesion volume were normally distributed (Shapiro-Wilk test, *P* \> 0.05). To analyze the correlation among radiological measures (brain volumes, cortical thickness), and clinical parameters or T2 white matter lesion volume (not normally distributed), Pearson and Spearman coefficients were used respectively.

A general linear model anaysis of variance (ANOVA) was applied to determine statistically significant differences between the groups for the continuous variables. Age, sex, and educational level were included as covariates as they can contribute to cortical thickness.^[@R32]^ Homogeneity of variances assumption was not met (Levene test \<0.05) for deep gray mater comparisons and therefore Welch F test was the approach for performing the ANOVA analysis, followed by post-hoc Games Howell test for mean pairwise comparison analyses. For the categorical variables, the k-independent samples Kruskall-Wallis test was applied with post-hoc analysis for Mann-Whitney *U* tests.

Differences in fractional anisotropy or mean diffusivity between groups were obtained by performing a voxel-based analysis by means of the general linear model, with age and sex as covariates. We tested the significance of any observed differences using a paired *t* test with *P* \< 0.001.

RESULTS
=======

Sample Characteristics
----------------------

Table [1](#T1){ref-type="table"} summarizes the demographic and clinical characteristics of the entire simple and shows that the groups were well-matched for age (F\[2,48\] = 0.68, *P* = 0.51), sex ratio (*χ*^2^ = 0.55, *P* = 0.75), and educational level (*χ*^2^ = 0.08, *P* = 0.95). Reasons for the first RIS patients MRI, which was performed a mean of 4.07 years (range 1--11) earlier, were: headache (N = 5), dizziness (N = 4), tinnitus-hypocusia (N = 3), syncope (N = 1), restless legs (N = 1), research control (N = 1), traffic accident (N = 1), and prolactinoma (N = 1).

###### 

Demographic and Clinical Characteristics of the Sample
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The RIS patients were stratified into RISK+ (higher risk for conversion to future MS) versus RISK− (lower risk for conversion to future MS) according to the presence of lesions within the spinal cord or no lesions of the spinal cord, but presence of at least 2 of the following characteristics: abnormal cerebrospinal fluid, gadolinium enhancing lesions, or dissemination in time. Among the 6 RIS subjects who were classified as RISK+, 4 were included based on spinal cord lesions criteria and 2 on the presence of several risk criteria for conversion to MS. No RIS patients were being treated with disease-modifying therapies.

CIS patients were characterized by low clinical disability (median EDSS score of 0, range 0--4) and a relatively short duration of disease (median disease duration from clinical onset = 12 months). Only 3 of 17 (17.6%) CIS patients had a disease evolution from clinical onset \<12 months, whereas 7 of 17 (41.1%) had a disease duration from symptom onset of at least 48 months. Of the 17 CIS patients, 5 (29.4%) presented with spinal cord symptoms, 4 (23.5%) with optic neuritis, 3 (17.6%) with brainstem symptoms, 3 with polysimptomatic onset, and 2 (11.8%) with hemispheric cerebral symptoms. All CIS subjects fulfilled dissemination in space according to the McDonald 2010 criteria.^[@R16]^ Of the 17 CIS patients, only 4 (23.5%) were treated with disease-modifying therapies (interferon beta-1a).

Eight (47.1%) RIS patients failed in at least one cognitive test, defined as a *Z* score ≤2.0 SD below the healthy controls mean of any of the cognitive tests, whereas 2 (11.8%) RIS patients failed in at least 2 cognitive tests, proportions virtually identical to those observed in CIS patients (47.1% and 5.9% respectively).

Using a cutoff score of 8 on the Hamilton Depression Rating Scale total score,^[@R22]^ 9 (52.9%) of the RIS group had at least mild clinical depression, with more than half of them (N = 5, 55.9%) having moderate depressive symptoms, rates identical to that observed among CIS patients.

Whole-brain Volume Analysis
---------------------------

Normalized cortical volumes were statistically different between groups as determined by ANOVA (F\[2,48\] = 5.22, *P* = 0.009). Normalized cortical volume was significantly lower on RIS group compared with healthy controls (673 ± 27.07 vs 641 ± 35.88 (cm^3^ × 10^3^), Tukey *P* test = 0.009), whereas near-significant difference was observed between CIS and healthy control groups (648 ± 27.34 vs 673 ± 27.07 (cm^3^ × 10^3^), Tukey *P* test = 0.057). A considerable trend toward significance in total brain volume was observed in RIS patients compared with healthy controls (1528 ± 64.40 vs 1575 ± 36.82, *P* = 0.054). Normalized total gray matter and white matter volumes were not statistically different between groups (F = 2.10, *P* = 0.13 and F = 0.94, *P* = 0.40, respectively). No differences between RISK− and RISK+ were detected. A trend toward lower normalized total brain and cortical volumes was observed in RIS patients who failed in at least one cognitive test compared with those without cognitive impairment, but these differences did not reach statistical significance (*P* = 0.12 and 0.33, respectively). No significant differences were found when RIS patients where subdivided according to the presence/absence of clinically significant depression (data not shown).

White matter lesion volume did not differ significantly between RIS and CIS groups as determined by Mann-Whitney *U* test (*P* = 0.13). T2-white matter lesion volume was correlated with normalized cortical volume (*r* = −0.59, *P* = 0.012) and normalized grey matter volume (*r* = −0.52, *P* = 0.03) in RIS patients. Among CIS patients, correlations were seen between T2-white matter lesion volume and normalized gray matter volume (*r* = −0.56, *P* = 0.020), normalized brain volume (*r* = −0.51, *P* = 0.038), and normalized cortical volume (*r* = −0.49, *P* = 0.045).

Deep Gray Matter and Cerebellar Volumes
---------------------------------------

Between-groups comparisons on deep gray matter and cerebellum volumes are shown in Table [2](#T2){ref-type="table"}. Significant group difference was found between groups with regard to thalamic volume (F Welch \[2,30\] = 4.61, *P* = 0.018). Post-hoc Games-Howell test indicated that this difference was because of a difference between healthy controls versus RIS (Games-Howell, *P* = 0.014). There were no other statistically significant differences between group means as determined by ANOVA Welch F test (*P* \> 0.10 for all).

###### 

Normalized^∗^ Deep Gray Matter and Cerebellum Volumes (mm^3^) in Radiologically Isolated Syndrome and Clinically Isolated Syndrome Patients Compared With Healthy Controls
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Among RIS patients, no correlations were found between mean thalamic volume and T2-white matter lesion volume (*r* = −0.31, *P* = 0.21), normalized brain (*r* = 0.42, *P* = 0.09) or normalized cortical volume (*r* = 0.45, *P* = 0.06).

Cortical Thickness
------------------

Compared with healthy controls, RIS patients showed significant thinning in a number of cortical areas, that were primarily distributed in frontal and temporal lobes (*P* \< 0.05, uncorrected). The extent of regional cortical thinning differed between the hemispheres, with most regions having the highest thinning in the right hemisphere. A single-subject analysis showed that right temporal lobe was particularly affected, as cortical thickness was at least 2 SDs below the healthy controls mean in the 47.1% of RIS subjects. Lateral orbitofrontal, transverse temporal gyrus, and posterior cingulate cortex were found significantly reduced bilaterally. After Bonferroni correction for multiple comparisons was applied (*P* \< 0.0015), no significant thinning differences were found between groups in any regional cortical area.

Strong inverse correlations were observed between T2-white matter lesion volume and regional cortical thickness (rho spearman ranging from 0.5 to 0.78).

In comparison to the widespread cortical thickness differences between the RIS and healthy controls, those from the CIS and healthy controls were very limited (Table [3](#T3){ref-type="table"}).
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Cortical Areas Showing Significant Cortical Thinning in Radiologically Isolated Syndrome and Clinically Isolated Syndrome Patients Compared With Healthy Controls
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DTI
---

Voxel-based analysis results obtained using fractional anisotropy maps are illustrated in figure. Note that the clusters with altered microstructural integrity overlap with lesion mask are dominant in both cynculate gyri (Figure [1](#F1){ref-type="fig"}A) and in bilateral frontal sub-gyral regions of RIS patients (Figure [1](#F1){ref-type="fig"}B) (*P* \< 0.001). A significant fractional anisotropy decrease in cerebellum white matter was found among CIS patients (*P* \< 0.001). No significant fractional anisotropy or mean diffusivity changes was found in the normal-appearing gray matter of both RIS and CIS patients when compared with healthy controls. Detailed results, including T-maps values, number of voxels in each cluster, Montreal Neurological Institute coordinates, and *P* values are presented in Table [4](#T4){ref-type="table"}.

![Voxel-based analysis results obtained using fractional anisotropy maps and mean lesion mask in radiologically isolated syndrome (RIS) patients. Saggital, coronal, and axial views are presented. Clusters of reduced fractional anisotropy in RIS patients compared with healthy controls (*P* \< 0.001) are shown in yellow and average lesion mask is shown in blue. The overlay of the significant map clusters on the mean lesion mask shows that most of the abnormalities highlighted by voxel-based analysis were primary located within lesions. (A) Both cynculate gyri. (B) Bilateral frontal sub-gyral regions.](medi-95-e3208-g004){#F1}
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Voxel-based Morphometry Analysis of Reduced Fractional Anisotrophy in RIS Subjects Compared With Control Group
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DISCUSSION
==========

Damage to both the normal-appearing white matter and gray matter has increasingly been recognized as a crucial component of MS.^[@R33]--[@R35]^ Motivated by the scant information regarding gray matter pathology in RIS patients, we investigated whether gray matter involvement occurs in RIS patients and whether it shares anatomical patterns with CIS patients by using multimodal 3T MRI approach.

In line with the findings of a recent RIS study performed using the same method of analysis,^[@R10]^ we found significant mean thalamic volume loss in RIS patients compared with healthy controls. This is consistent with previous research that showed that thalamic volume loss is one of the earliest and most prominent signs of gray matter pathology in MS.^[@R36]--[@R38]^ This finding might have a great clinical significance, as thalamic atrophy has been found as an independent predictor of the conversion to definite MS in patients with CIS.^[@R39],[@R40]^ In the present study, thalamic atrophy was unrelated to the presence of other markers of evolution to MS. Future longitudinal studies are warranted to address whether thalamic atrophy in RIS patients may herald reliably the conversion to future MS. Unexpectedly, thalamic volume loss was more pronounced in RIS patients than in CIS patients. Thalamic atrophy, which has been shown to strongly correlated to white matter lesion volume,^[@R41],[@R42]^ has been found primarily in those CIS patients who developed definite MS after a follow-up of 1 year.^[@R38]^ In contrast, CIS patients from our cohort, many of whom have a disease duration \>12 months, have not yet developed definite MS and are characterized by median low white matter lesion volume, which certainly might contribute to the explanation of the current results.

RIS patients also exhibited significantly reduced total normalized cortical volume and regional cortical atrophy compared with healthy controls. Furthermore, the most striking finding of the present study was that both global cortical volume and regional cortical thickness were more pronounced in RIS patients than in CIS patients. Although these results were somewhat unexpected, they are indeed in line with previous research. Thus, although a large number of studies did not find decreased whole brain and cortical volumes in CIS patients,^[@R36],[@R37],[@R39],[@R43]--[@R45]^ all the studies published so far (with the exception of one publication)^[@R10]^ have reported total brain and cortical atrophy in RIS patients,^[@R3],[@R6],[@R8],[@R9],[@R12]^ thereby suggesting that, in contrast to CIS patients, decreased cortical volume in RIS patients is highly consistent. However, there are also several reasons that might partially explain these results: CIS patients had a lower median white matter lesion volume compared with RIS (albeit not significant); although there was no significant age difference among CIS and RIS groups in the present study, RIS patients were approximately 2 years older than those from the CIS group; nearly one-third of the CIS patients presented with spinal cord symptoms, which might led to lower average cortical thickness (the type of clinical picture at onset has been found to correlate with atrophy in the corresponding cortical areas)^[@R46]^; in contrast with MS and CIS patients, the absence of a definable clinical event makes it impossible to establish the disease evolution among RIS patients and, thus, there is the possibility that RIS evolution have actually a much longer duration than expected.

Although marginal and no significant cortical thinning was observed among CIS patients, RIS patients showed significant thinning in a number of cortical areas that were primarily distributed in frontal and temporal lobes, as well as cingulate cortex. Although the differences did not reach statistical significance after Bonferroni correction, their magnitudes were meaningful, as evidenced by the fact that most cortical areas were at least 2 SD below the healthy controls cortical thickness mean in one-third of the RIS patients. Furthermore, average right temporal lobe cortical thickness was significantly reduced in nearly half of the RIS patients. Although no differences were found among RIS patients with presence/absence of other markers of evolution to MS (eg, spinal cord lesions), the small simple size did not allow us to draw conclusions with regard to this issue.

Interestingly, we observed reduced cortical thickness in particular areas of great clinical relevance. First, regional significant atrophy were present in anterior cingulate cortex and orbitofrontal cortex, regions that have an established role in the pathophysiology of emotion processing and regulation.^[@R47]^ Based on previous studies regarding clinical depression and its neurobiological basis,^[@R48]^ we hypothesized that these findings could represent a structural brain trait factor for developing psychological disorders, thereby providing a plausible biological explanation for the high rates of psychiatric disturbances observed in RIS patients.^[@R4]^ Second, posterior cingulate cortex was found to be significantly thinner bilaterally. Posterior cingulate cortex is known to be commonly affected by neurodegenerative diseases and has recently been showed to be particularly thinner in long-standing MS patients.^[@R49]^ In contrast, we did not observe cortical thickness in those brain regions that have been shown to play a critical role in motor function and physical dysfunction (precentral gyrus, sensorimotor cortex, and cerebellum), which contribute to explain why RIS patients subserve motor functions. Overall, these findings are totally in keeping with the clinical picture observed in RIS patients, characterized by null physical disability but high rates of cognitive and psychiatric disorders.^[@R4],[@R5]^

To our knowledge, only one study has investigated cortical thickness in RIS patients.^[@R10]^ In that study,^[@R10]^ a limited area of thinning in the right superior and inferior parietal gyri was observed by using vertex-wise map corrected for multiple comparisons. The possible explanations for these discrepant results are mainly methodological issues, such as the patients' characteristics at the study enrollment (no details about the presence of markers of evolution to MS or T2-white matter lesion volume were provided in the study of Azevedo),^[@R10]^ and the different statistical methods used to explore cortical thickness. In addition, 2 major problems inevitably related to RIS research might also contribute to find inconsistent results: the small sample sizes (an average of twenty patients) and the possibility that subjects fulfilling the RIS criteria actually constitute a highly heterogeneous group with different disease duration.

Another important finding of the present study is the observation that the voxel-based analysis did not reveal diffuse white matter fractional anisotropy or mean diffusivity changes in RIS patients. The results of the present study are in line with previous studies assessing microstructural integrity of white matter tracts in RIS patients by using magnetization transfer ratio^[@R6]^ and tract-based spatial statistics,^[@R12]^ further suggesting that occult microstructural normal-appearing white-matter damage is not significant present beyond T2 visible lesions in RIS patients. These results suggest that RIS patients might have experienced more efficient reparative mechanisms after white matter injury, thereby contributing to explain the lack of episodes of neurologic disturbance existing in RIS patients.

Very recent studies have demonstrated that white matter microstructural integrity is the strongest predictor for regional cortical atrophy in MS patients.^[@R42],[@R49],[@R50]^ Therefore, although the lack of diffuse normal-appearing white matter damage might additionally contribute to explain the absence of global and regional cortical atrophy observed in CIS patients, it raises the question whether cortical atrophy in RIS patients develops according to a distinct pathological process than in MS disease. Indeed, regional cortical thinning in RIS patients showed stronger inverse correlation to white matter lesion volume than that reported in MS research. A new study specifically designed to assess the association between RIS regional gray matter atrophy and both focal and diffuse pathology in anatomically connected white matter tracts is in progress, which will be helpful to properly address this issue.

The study should be interpreted within the context of several limitations. First, the sample size was relatively small. Given the low incidence and prevalence of the disease, the RIS literature generally comprises studies with small sample sizes.^[@R6]--[@R10],[@R12]^ Second, we lacked for a method to visualize cortical lesions, the prevalence of which has been found to be as high as 40% among RIS patients,^[@R7]^ and, as a consequence, we were not able to assess their contribution to cortical thinning. However, cortical lesions in RIS patients have been shown not to be related to more pronounced cortical atrophy,^[@R7]^ which agrees with the conclusions of emerging research that suggest that cortical atrophy is largely independent of cortical demyelination.^[@R51]--[@R53]^ Third, MS lesions were not in-painted before submitting the image to FreeSurfer, which could compromise the accuracy of measured cortical thickness. However, according to a recent study,^[@R54]^ lesion in-painting has only a small effect on the estimated regional and global cortical thickness. Fourth, The CIS group enrolled in the present study was not homogeneous in terms of disease duration from initial demyelinating event. Fifth, cerebrospinal fluid data were only available in a small proportion of RIS patients. Sixth, the regional cortical thickness results were not corrected for multiple comparisons, which lead to an increase in probability of observing significant comparison just due to chance. However, the magnitude of the differences is meaningful (one-third of RIS patients are at least 2 SDs below the healthy controls mean in most of the significant thinning regional areas). Moreover, such results were not observed in CIS patients, further strengthening our findings.

Being conscious of the limits of our study, RIS patients here described are currently enrolled in a longitudinal clinical and MRI study, which will be helpful in demonstrating more confident results. Notwithstanding, our results suggest the existence of neuronal degeneration in RIS patients regardless of the presence of an initial demyelinating clinical episode, highlighting that RIS brain tissue damage might not be limited to focal white matter lesions. Additional studies with larger sample sizes are warranted for a better understanding of the pathophysiological processes underlying this novel entity.

Abbreviations: ANOVA = Analysis of variance, CIS = Clinically isolated syndrome, DTI = Diffusion tensor imaging, DWI = Diffusion-weighted image, EDSS = Expanded Disability Status Scale, MRI = Magnetic resonance imaging, MS = multiple sclerosis, RIS = radiologically isolated syndrome, SD = standard deviation, WAIS-III = Wechsler Adult Intelligence Scale--Third Edition.
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